In this paper, results of an experimental and modeling of separation of oil from industrial oily wastewaters (desalter unit effluent of Seraje, Ghom gas wells, Iran) with mullite ceramic membranes are presented. Mullite microfiltration symmetric membranes were synthesized from kaolin clay and α-alumina powder. The results show that the mullite ceramic membrane has a high total organic carbon and chemical oxygen demand rejection (94 and 89%, respectively), a low fouling resistance (30%) and a high final permeation flux (75 L/m 2 h). Also, an artificial neural network, a predictive tool for tracking the inputs and outputs of a non-linear problem, is used to model the permeation flux decline during microfiltration of oily wastewater. The aim was to predict the permeation flux as a function of feed temperature, trans-membrane pressure, cross-flow velocity, oil concentration and filtration time, using a feed-forward neural network. Finally the structure of hidden layers and nodes in each layer with minimum error were reported leading to a 4-15 structure which demonstrated good agreement with the experimental measurements with an average error of less than 2%.
INTRODUCTION
Oily wastewater is generated by various oil and refinery industries. The discharge of oily wastewater into the natural environment creates a major ecological problem throughout the world. Industrial wastes contain a much higher concentration of pollutants despite their lower volume. Chemical treatment, gravity separation, coagulation, skimming, flocculation and other processes have been used for oily water treatment (Karakulski et al. ; Yang et al. ; Salahi & Mohammadi ) . All these conventional methods based on physical and chemical principles indeed cannot give an absolute guarantee in terms of the separation efficiency and the effluent quality. Also, they are often costly and ineffective (Cheryan & Rajagopalan ) . Membrane processes have been found to be an effective method for treatment of oil-inwater and oily wastewater and many researchers have reported on their efficiency and effectiveness such as Abadi et al. () . Using ceramic and polymeric membranes, Salahi et al. (b) worked with industrial oily wastewater containing lubricants, cutting liquids, and heavy hydrocarbon oil droplets of 220-7300 nm diameter and 78 mg/L concentration. Both ceramic and polymeric membranes produced high quality permeates (<6 mg/L) (Marchese et al. ; Salahi et al. b) . Ebrahimi et al. () reported 95% oil reduction after ultrafiltration (UF) of a metal industry emulsion. Mueller et al. () studied two ceramic membranes to treat the oil-in-water Hueneme field in California. Also, Abadi et al. () investigated ceramic membranes to treat the refinery oily wastewater effluent. There are some other papers presenting applications of ceramic membranes and the results show a good performance for separation of oil from industrial oily wastewaters (Lehman & Liu ; Weiying et al. ) . In this work a ceramic membrane was chosen because of the excellent performance in removing oil and acceptable permeation flux (Abadi et al. ) . Also, it is cheaper than other membranes saving the Seraje field being studied significantly.
Permeation flux values in a cross-flow membrane filtration are dependent on various process variables such as feed temperature (T ), oil concentration (C oil ), cross-flow velocity (CFV), trans-membrane pressure (TMP), filtration time (t) and membrane type (Aydiner et al. ) . Currently quantification of the effects of basic parameters such as CFV, TMP, temperature, pH, molecular size of solutes, etc. on membrane fouling in MF is not completely understood. A completely theoretical model quantitatively approved, describing microfiltration (MF) process dynamics accurately, needed by engineers in design, simulation and operation of such processes, is not available (Marchese et al. ; Salahi et al. b) .
Ceramic membranes have been known for years and used in many different applications due to their numerous advantages: high temperature stability and pressure resistance, good chemical stability, high mechanical resistance, long life and good antifouling properties. Ceramic MF membranes can be made from alumina, mullite, cordierite, silica, spinel, zirconia and other refractory oxides (Wong et al. ) . Amongst these, mullite ceramic membranes have very high chemical and thermal stability and are very cheap because they can be prepared by extruding and calcining kaolin clay. Therefore, it was decided to synthesise these and investigate their performance for treatment of oily wastewaters.
In the recent years, artificial neural networks (ANNs) have been used widely to predict chemical parameters, variables under different physicochemical conditions and various membrane processes such as MF (Sahoo & Ray ; Shokrian et al. ) . The target of this work is to predict permeation flux with ANN technique using a feedforward neural network. In this case, permeation flux was predicted with a correlation coefficient (R) equal to 0.998.
MATERIAL AND METHODS

Preparation of membranes
In this work, mullite MF membranes were synthesized from kaolin clay and α-alumina powder. The kaolin material used was obtained from the Zenooz mine in Marand, Iran. Chemical analyses of the kaolin clay show that it contains Kaolinite (SiO 2 and TiO 2 ), Illite (Al 2 O 3 and Fe 2 O 3 ), Quartz (K 2 O and Na 2 O) and Feldspar (LOI) at 64.0, 2.4, 27.0 and 6.6%, respectively. The powder has an average particle size of 75 μm. Cylindrically shaped (tubular) mullite membranes (inner diameter: 0.9 cm, outer diameter: 1.4 cm and length: 30.0 cm) were conveniently made by extruding a mixture of about 62-69% kaolin clay and 38-31% pure water in an extruder. The cylindrical shaped membranes were then dried at room temperature within 48 h and calcination was performed at 1,250 (C for 3 h). Free silica was removed from the calcined membranes by leaching with a strong alkali solution. Removal of this free silica increases porosity of the microporous tubular ceramic membranes. Free silica removal was carried out with aqueous solutions containing 20% by weight NaOH at a temperature of 80 W (C for 5 h). Symmetric membranes were washed with pure water for 12 h at a temperature of 80 W (C in order to remove NaOH). Porosity of the membranes measured by the water absorption method was 32% before leaching and 41% after treatment. This test was done according to the water saturation route based on the weight of absorbed water by the membrane. Porosity was obtained using the volume difference caused by floating of the water saturated membrane in water. Characterization of mullite membranes with the mercury porosimetery method showed that its total cumulative volume is 0.063 (cm 3 /g), with total specific surface area of 10.270 (m 2 /g) and average pore radius of 0.289 μm. Permeation flux of the mullite membranes before and after free silica removal at a TMP of 1 bar, temperature of 25 W C and CFV of 1 m/s for pure water were 61
and 115 (L/m 2 h), respectively.
Experimental setup
A cross-flow membrane module made from Teflon was used in the experiments. The effective area of the membrane in the module was 110 cm 2 . The details of the experimental set-up have been described elsewhere (Salahi et al. a; Salahi & Mohammadi ) . The membrane permeation flux was measured by collecting the permeate in an Erlenmeyer flask and using a digital balance with an accuracy of ±0.1 g. During the experiments, exact supervision was done on controllable factors (TMP, temperature, CFV, pH and oil concentration). In this work the collected input parameters for operating conditions were (permeation flux and filtration time) and feed oily waste water quality (oil concentration (250, 500, 1,000, 2,000 and 3,000 mg/L), feed temperature (15, 25, 35, 45 and 55 W C), TMP (0.5, 1, 2, 3 and 4 bar) and CFV (0, 0.5, 1, 1.5 and 2 m/s)) for treatment of industrial oily wastewater. Operation time for the membrane filtration is 2 h. Total number of data used in this model is 347.
Process feed
Industrial oily wastewaters were used to investigate the performance of ceramic MF membranes. The outlet of the desalter unit of Seraje, Ghom gas wells was used as the process feed. 
ARTIFICIAL NEURAL NETWORK
One type of ANN model, a four-layer (one input layer, two hidden layers, and one output layer) feed-forward neural network was used in this study. The input data should be scaled in the range of [À1, þ1] . Data are scaled to avoid much larger values dominating the training (Fu et al. ) .
In ANN, the operational data set was divided into three parts, training, testing and validation. In this work, three selections (60-20-20, 70-15-15 and 80-10-10 respectively) are checked. Weights from the input are entered into the first layer and each sequential layer receives weights from the input and all past layers. All layers have biases, the last layer being the network output.
Outputs are computed by transforming inputs using a non-linear transfer function. The extensively used transfer functions are the S-shaped log-sigmoid (logsig) [Equation (1)], the S-shaped tansigmoid (tansig) [Equation (2) Between one to fifteen neurons in hidden layers were tested and the best number was determined by trial and error.
ANN inputs and outputs
The input layer consisted of feed oily wastewater quality (oil concentration), operating parameters (feed temperature, TMP and CFV) and filtration time. The architecture of the neural networks is shown in Figure 1 (a).
Data scaling
Data are scaled using the modified MATLAB functions 'mapminmax'. The equation used is:
where x i is the input value, X ni is the scaled input value and x max and x min are the maximum and minimum values of the unscaled dataset (Sahoo & Ray ).
Evaluation of ANN predictions
Mean square error (MSE) is used to measure the prediction performance of ANN on the validation dataset.
The accuracy of individual ANN predictions was evaluated based on average error (AVE).
Error ð%Þ ¼ ½ðJ model;i À J exp;i Þ=J exp;i × 100 ð5Þ
where J model;i is the ith predicted value of the normalized flux, J exp;i the corresponding observed value, and n is the number of observations (Sahoo & Ray ) .
RESULTS AND DISCUSSION
Performance of mullite ceramic membrane in industrial oily wastewater treatment
The oily wastewater was treated by MF membrane processes using ceramic membranes. One of the major benefits of ceramic membranes is their ability to cope with high levels of TOC, COD, color, turbidity and TSS. The results show that the TOC in the permeate of the mullite ceramic membranes were 63 mg/L. Accordingly, ceramic MF membranes were found practically suitable to treat that industrial oily wastewater with the rejections of TOC at the level of 94%. Performance of the MF ceramic membrane for industrial oily wastewater treatment under the best operating conditions was investigated. The best operating conditions for separation of oil from the industrial oily wastewaters of Ghom gas wells are a TMP of 3 bar, a CFV of 1.5 m/s and a temperature of 35 W C. 
Modeling permeation flux of ceramic MF membrane
Initially, only one hidden layer was used in three data subset (60% of data for training; 70% of data for training and 80% of data for training) and the root mean squared error between the scaled predicted and experimental membrane permeation flux was computed using 1 to 15 neurons. Results from these simulations are shown in Figure 1(b) . As can be observed, the lowest error was obtained when using one layer containing eight neurons in conditions (80% of data for training) and in this case correlation coefficient (R) equal to 0.997, mean square error is 0.0008 and absolute average error is 2.3%. The network architecture was modified by adding a second layer of hidden neurons. Having added 1-15 neurons in the second hidden layer the mean squared error between the scaled predicted and experimental membrane permeation flux was evaluated. Results from these simulations are shown in Figure 1 .
From Figure 1 (c) the minimum MSE is 0.0007 for a first layer neuron size of 7 and second layer neuron size of 14 and from Figure 1 (d) the minimum MSE is 0.0007 for a first layer neuron size of 6 and second layer neuron size of 10.
From Figure 1 (e), it can be observed that a first hidden layer size of between 4 to 15 neurons and second hidden layer size of between 4 to15 neurons predicted permeation flux data with lower MSE, also lower error was obtained when using two layers containing 4 neurons in the first and 15 neurons in the second in conditions (70-15-15) and correlation coefficient (R) equal to 0.998, mean square error is 0.0006 and absolute average error is 1.9%. In this case correlation of experimental data with predicted data using ANN is shown in Figure 1(f) .
Comparison between measured and predicted permeation flux with time as a function of CFV, oil concentration, TMP and feed temperature from the ANN model is shown in Figures 2(b-e) .
It is well known that increasing CFV increases both the mass transfer coefficient across the concentration polarization boundary layer and the degree of mixing near the membrane surface, thereby reducing both the accumulation of a gel/cake layer on the membrane surface and the fouled membrane resistance (Marchese et 
The main reason is reduction of concentration polarization effect. Turbulence and shear stress on the membrane surface increase as CFV is increased. Therefore, the accumulated compounds on the membrane surface return to the bulk feed and the concentration polarization effect diminishes. This, thus, causes osmotic pressure to decrease and permeation flux to increase. In Figure 2(b) , the effects of CFV on permeation flux of the mullite ceramic membranes are presented. It can be observed that permeation flux increases with increasing CFV. The influence of different CFV on permeation flux was also compared. At dead end filtration (CFV ¼ 0 m/s), there is no turbulence or even applied shear, so the cake/gel layer can be formed easily. Therefore, maximum fouling is observed and permeation flux reduces significantly. Considering that higher CFV leads to more power consumption for pumping, the choice of very high CFVs is not economically feasible. Therefore, the best CFV is proposed as 1.5 m/s. Also, in this figure (Figure 2(b) ) deviation of filtration time on permeation flux from the neural network modeling results of the ceramic membrane is shown. The result shows that, the model predictions are observed to be in good agreement with the experimental data.
By increasing the filtration time, this layer becomes thicker and permeation flux decreases. Permeation flux decreases quickly at the beginning of filtration time for all concentrations. Also, permeation flux decline is more severe at higher concentrations. This is because of higher growth rates and thicker layers at higher concentrations. However, because the mullite ceramic membranes are hydrophilic, the bond between kaolin and the oil layer is very weak and can be broken easily. Therefore, fouling of this membrane is not a major problem, and after 2 h fouling resistance is less than 30% for a concentration of 1,000 mg/L. Figure 2(c) shows the fitting of the experimental permeation flux mullite ceramic membranes to the neural network modeling for all the experimental conditions tested to indicate the effect of oil concentration on permeation flux decline. Results show that neural network modeling gives a good prediction with average percentage error of predicated flux for different oil concentrations; 250, 500, 1,000, 2,000 and 3,000 mg/L of 0.74, 0.50, 1.00, 1.32 and 1.30% respectively.
According to Darcy's law, increasing TMP increases permeation flux, however, fouling restricts this fundamental law. Increasing TMP makes the oil droplets more compact on the membrane surface and blocks the membrane pores (Wong et al. ) . Thus, at an optimum TMP, permeation flux is high, while tendency to cake/gel layer formation is low. Effects of TMP on permeation are presented in Figure 2 (d). This can also be due to formation of the thicker cake/gel layer, where this layer traps oil droplets among sediment pores and does not let them pass through the membrane. TMP of 3 bar can be considered as the best operating pressure because at higher pressure, the cake/gel layer becomes denser and permeation flux does not increase any more. As represented in Figure 2 (d) the filtration data at different TMP levels were compared by flux predicted by the neural network model. The result shows that, the model predictions are observed to be in good agreement with the experiment data.
As shown in Figure 2 (e), increasing operating feed temperature increases permeation flux. This is because viscosity decreases and diffusivity increases at elevated temperatures (Abadi et al. ) . Therefore, because of the bilateral effect of temperature, an optimum temperature must be specified. The results show that the optimum temperature of 40 W C can be recommended to achieve high permeation flux at low operating costs. This result is in agreement with the results obtained by Salahi & Mohammadi () and Norouzbahari et al. () . The deviation of filtration time on permeation flux from the neural network model results for the ceramic membrane is also shown in Figure 2 (e). Results show that neural network modeling has very good prediction at different feed temperatures. The ANN model based on 4-15 structure demonstrated good agreement with the experimental data under all conditions and was therefore used to predict permeation flux.
These experimental results indicate that neural network modeling could be applied simultaneously for the description of the filtration data, which were found during cross-flow MF of the present industrial oily wastewater and oil-in-water emulsions.
CONCLUSION
According to the obtained results, it can be concluded that MF with these very cheap ceramic membranes can be used as an advanced method for treatment of the oily wastewaters. TOC rejection of the mullite ceramic membranes was found to be more than 94% for the industrial oily wastewater. Analysis of the permeate revealed very high rejection for COD (89%), TOC (94%) and turbidity (98%) and oil along with complete rejection of color, free oil and TSS with a reasonably high permeation flux of 75 L/m 2 h and fouling resistance of 30%. This can be attributed to the very high quality mullite ceramic MF membrane. ANN results show a powerful tool to predict permeation flux with time and operating conditions. ANNs with only one hidden layer of eight neurons in conditions (80-10-10) has an average error of about 2.3% and ANNs with two hidden layers of 4 neurons in the first layer and 15 neurons in the second layer in conditions (70-15-15) has an average error of about 1.9%. Thus, the 4-15 structure was regarded as appropriate and used to predict permeation flux.
Finally, it can be said that the model predictions are in good conformity with the experimental results for permeation flux of mullite ceramic membranes, through the industrial oily wastewater treatment.
